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Abstract 
G.U.B. Ingenieur AG in Dresden, Germany, is developing optimized in-situ extraction technologies for critical technology 
elements, including Rare Earth Elements (REE) Nd, Eu, Tb, Dy, and Y and Cu. We discuss some selected examples of ongoing 
GUB R&D projects including: (1) In-situ bioleaching of Cu shale-sandstone in an active ~1 km deep shaft mine in Poland, (2) In-
situ (bio)leaching and near-surface extraction of REE from ion-adsorption clays (IAC) in Madagascar, and a new project scope 
(3) REE extraction from secondary phosphate streams. In-situ bioleaching of Cu from deep Cu-shale deposits in Europe allows to 
retrieve metals like Cu (among other metals) from deep European ore deposits at lower costs. In-situ recovery of REE from IAC 
deposits is important as such deposits in southern China are the main source of critical technology elements Nd, Eu, Tb, Dy and 
Y. REE-recovery from secondary phosphate streams is a potential major value-adding step in optimizing the phosphate recovery 
processing chain, yet it is essential to understand the partitioning of REEs (and NORM including U, Th and their progenies) 
between phosphogypsum and phosphoric acid in the fertilizer production process. We identified three main REE sinks based on 
existing phosphate processing chains: (1) Sand, clay and phosphoric tailings hosting ~40-50% of total REE, (2) phosphogypsum 
ponds with ~40% of total REE, and (3) phosphoric acid with dissolved ~10-20% of total REE. In-situ recovery may potentially 
recover ~80-90% of total REE from secondary streams (phosphate tailings and phosphogypsum ponds) whereas ~10-20% of total 
REE may potentially be recovered from phosphoric acid and/or tailings eluate by biocomplexation of REE. Modification of the 
phosphate processing chain may provide additional REE extraction points. The most suitable REE extraction points may also be 
controlled by NORM separation. We propose a customized R&D program to develop an in-situ recovery technology for in-situ 
REE recovery from secondary (ex-phosphate) streams, in the framework of a joint company and/or EU-funded R&D project. 
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1. Introduction 
Recent international commodity studies [1, 2, 3] indicate that 5 of the 16 rare earth elements (REE + Y) were 
found to be critical in terms of supply risk in the short and medium term (2015 – 2025). These elements are termed 
“critical” because of their high demand versus their limited supply (and overall scarcity in economically relevant 
concentrations). Those elements critical are neodymium (Nd), europium (Eu), terbium (Tb), dysprosium (Dy) and 
yttrium (Y).  
Since publication of these critical technology elements reports in 2011 and 2012, we have seen a significant drop 
in prices of all REE; however, critical technology REEs have retained their value better than their “non-critical” 
counterparts. The reason for the relative stability in market prices of critical REE is that these elements (Nd, Eu, Tb, 
Dy and Y) are among the main sources for innovative ‘green’ technologies including sustainable power generation, 
mobile communication devices, high-technology military appliances, and e-mobility. The anticipated growth in 
demand and expected price performance of heavy REE over the next decade makes high-value heavy REE a sought-
after commodity, which raises issues about their natural occurrence and availability. Reducing the criticality of 
heavy REEs requires lower-cost recovery, processing and production options for existing heavy REE deposits. 
Because of the many important uses of REEs, nations dependent on new technologies, such as Japan, the U.S. and 
Europe, launched support and initiatives for R&D programs on improved exploration and recovery technologies 
intent on discovering economic deposits of REEs and bring them into production. 
In support to European policy making, as well as in response to requests by industry clients, G.U.B. Ingenieur AG 
is developing and optimizing mining and recovery technologies for critical technology elements and other sought-
after resources worldwide. In line with the increasing environmental demands and restrictions for mining projects 
worldwide, in-situ recovery of ore (ISR, also known as in-situ leaching) has become an attractive alternative to 
existing open-pit and shaft mining operations, mainly because ISR only recovers the actual ore and therefore 
prevents production of tailings. As such, in-situ recovery is sometimes named ‘green mining’, or ‘mine of the 
future’. ISR causes minimal disturbance to environmental or social structures as the most important processes occurs 
below the surface. This is of particular importance in densely settled areas such as Europe, and for deposits located 
at or near by environmentally sensitive areas.  
In spite of its inconspicuous appearance, the engineering and controlling of ISR technology is delicate. Two 
interrelated issues are to be addressed before setting up an ISR-operation, namely: (1) the regional hydrogeology and 
hydraulics, and (2) the mineralogy and geochemistry in the ore zone.  
Before a leaching solution is injected into the ore-hosting porous media (e.g. an aquifer), a detailed hydraulic 
understanding is required to predict solution flow based on the local geological structure (e.g. stratigraphy, faults, 
fractures, etc.) and the permeability of the ore-bearing host rock. Currently operating ‘real’ in-situ leaching 
operations inject the leaching solution (the so-called lixiviant) into the ore zones which are typically situated in 
confined (locally artesian) aquifers. Based on local hydrological flow models, the patterns of injection and extraction 
wells are pre-designed and customized to maximize the volume of contacted/leached ore zone, and to prevent any 
uncontrolled plumes of lixiviant leaking into neighboring aquifers. Hence any injection well is surrounded by several 
extractors with extraction volumes generally exceeding the injection volumes. 
Any deposits not enclosed by aquifers with sufficient hydraulic head, or in the unsaturated zone, require a 
modified approach, for example gravity-driven spreading of the injected solution, and extraction by draining tubes. 
Understanding of the regional hydrology and flow simulation is essential to design suitable processing facilities to 
prevent losses and environmental pollution by uncontrolled solution flow. 
The second challenge is the knowledge of the ore mineralogy and mineralogical changes in the ore zone in order 
to predict the chemical interaction and reaction with the leaching agents. Most target ores are to be oxidized and 
retained within the solution along the flow path. Any reduced component that consumes oxidative potential, or 
calcareous (neutralizing) minerals that raise the solution pH along the flow path, are influencing the performance of 
ISR operations. Based on laboratory experiments, numerical process simulations are set up to predict the most 
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effective form and concentration the oxidizing agents, chemical parameters  and dosage of leaching solution to keep 
the target metal in solution. 
Another important element of ISR is to prevent pore clogging. For example, in scenarios of acid leaching with 
sulfuric acid an excess of calcareous ore in the mineral matrix may render a wellfield unexploitable due to gypsum 
precipitation in the pores which prevents any further permeability (and ISR operation); something that can be 
avoided by accurate operation design and predictive numerical hydrometallurgical simulation. 
Many exploration projects worldwide utilize ISR as the preferred ore recovery method, for instance for energy 
metal recovery such as uranium from sedimentary host rocks as in USA, Kazachstan, Canada and South Australia 
where local geological conditions are favorable for ISR. 
G.U.B. Ingenieur AG has adapted and customised ISR technologies for other mining applications and leads and 
contributes to several modified ISR projects worldwide. Selected ISR projects are outlined in this article. 
 
Nomenclature 
Critical Technology Elements Essential ingredients for critical technology products including mobile 
communication, e-mobility and alternative (‘green’) energy appliances as 
defined by the U.S. Geological Survey, the British Geological Survey and the 
European Commission; the currently most critical technology elements include 
REE (Nd, Eu, Tb, Dy) and Y. 
REE  Rare Earth Elements, generally comprising 15 lanthanideswith light REE: La, 
Ce, Pr, Nd, Pr, Sm, and heavy REE: Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, plus 
scandium and yttrium. 
R&D    Research and Development 
2. BioMOre – In-Situ Leaching of Cu, Poland 
The EU-funded BioMOre project is a new mining concept for extracting metals from deep ore deposits using 
biotechnology. Previous studies show a large potential of metal content in European copper shale deposits (Tab. 1). 
Table 1. Estimated value of European copper shale deposites (assumed prices: Cu 7,500 $/t; Ag 890 $/kg; Re 4,100 $/kg). 
Metal value:  Cu (in G€) Ag (in G€) Re (in G€) Total (in G€) 
Known deposits 152 128 1.1 281 
Predicted Potential (Cu > 10 kg/m²) 775 ±290 648 ±240 5.5 ±2,1 1,428 ±533 
Predicted Potential (Cu 2-10 kg/m²) 1,840 ±1,445 1,540 ±1,210 13.1 ±10.1 3,393 ±2,662 
Total 2,767 ±1,735 2,316 ±1,450 19.6 ±12.3 5,103 ±3,196 
 
BioMOre aims to develop new technological concepts for in-situ recovery of metals from deep deposits using 
controlled stimulation of pre-existing fractures in combination with in-situ bioleaching. Stimulation is a standard 
technology for recovering water and geothermal energy. An innovative technology for deep metal recovery will be 
developed similar to geothermal mining. Bacterial assisted in-situ recovery, an established technology for 
recovering metals from low grade ores, tailings and polluted soils, has progressed over the past decades, and will be 
optimised for deep mining conditions. The environmental safety of the test sites will be guaranteed by the 
appropriate technical preparation. Sustainability indicators based on regulatory requirements of the European 
Commission will be applied for feasibility considerations.  
BioMOre will comprise two main phases: Phase I (2015-2018) - An underground pilot test pilot site will be 
operated to allow stimulation of natural fractures at depth. Risk assessment and mitigation, as well as safety 
measures, will form an integral part of the project in order to protect environmental safety. A methodology for 
quantifying the risks will be developed together with monitoring procedures. Major efforts will focus on advanced 
monitoring and water processing technologies in order to limit or avoid any risks in the operational area, as well as 
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reducing the volumes of water involved in the process. Metals which will form the primary target of this technology 
including Cu, Zn, Ni, Pb, and Co, but additional research will be carried out on bacteria and inoculants in order to 
address the recovery of Mo, Re, REE, and precious metals. High-frequency pulsed electromagnetic fields will be 
tested to enhance the in-situ dissolution of metals in ore bearing horizons, as a pre-bacterial leaching step.  
Metal recovery will be achieved by in-situ leaching with solution produced by bacterial cultures in tanks, with the 
inoculant adjusted to the mineralogical composition of the Cu ore. The optimal inoculant will be determined by prior 
lab studies. Hydrometallurgical methods for metal separation from the brine within the ore horizon or on the surface 
will be tested and evaluated and a choice made for optimised metal recovery, including selective precipitation by 
bacterial or physical/chemical separation techniques.  
A proposed test site will be selected from the copper bearing Kupferschiefer formations in three different 
stratigraphic settings the KGHM Cu mine Rudna in Poland: (1) Zechstein limestone and marl (10 - 130m thickness), 
(2) Kupferschiefer copper shale (0.4 - 1.8m thickness), and (3) Grauliegend sandstone (0.1 - 30m thickness; Fig. 1).  
 
 
Fig. 1. (LEFT) Conceptual side view of bio-ISR gallery at ca. 1 km depth; (RIGHT) Conceptual frontal view/cross-section of bio-ISR gallery. 
This test site contains a number of natural impermeable geological barriers (shale and salt layers) which will 
prevent leakage of metaliferous brines into the groundwater. Technical site preparation by applying new 
encapsulation technologies will provide further pre-conditions for ecological (green) production. This first phase 
will be used to identify a possible target to establish a pilot site (Phase II) where wells will be drilled from the 
surface to access the ore body and perform the in-situ bioleaching process. 
The expected impact of BioMOre Phase I is to turn mineralization at greater depths (>1km) normally not 
accessible by standard mining practice into accessible commodities. This prevents typical mining waste such as 
tailings and ponds and is able to develop solution mining into a socially more acceptable mining technology by 
reducing the environmental impact. Another benefit of BioMOre is to extract important by-products such as Zn, Ni, 
Co and thereby decreasing the cost of extraction by lowering mining infrastructure investments.  
BioMOre Phase II is envisaged as a multi-well pilot project designed to accommodate the results and constraints 
from Phase I. This pilot will aim to recover metals from the surface using multi drills in which bioleaching fluids 
will be circulated. Phase II will be proposed as a pilot project in a follow-up EU call 2018. This new in-situ 
bioleaching technology is also expected to decrease the number of worker accidents in the mining industry 
compared to traditional underground mining. 
3. In-situ Leaching of REE from Ion-Adsorption Clays, Madagascar 
G.U.B. Ingenieur AG, Germany, is developing optimized in-situ recovery (ISR) extraction technologies for 
critical technology REEs (Nd, Eu, Tb, Dy) and Y. This R&D project involves development of customized bio-
hydrometallurgical ISR extraction methods for REE from ion-adsorption clays. REE-rich ion-adsorption clays form 
the main source of the critical technology heavy REE (e.g. dysprosium, terbium) worldwide. 
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Ion-adsorption clays are a relatively newly recognized class of REE deposits consisting of highly weathered 
(lateritic), typically 3-10 m thick soil horizons with 0.05-0.35% REO when overlying carbonatites and syenites [4]. 
These deposits can develop in tropical or forested warm environments with moderate to high rainfall through 
successive processes and typically occur in a wholly weathered zone with residual quartz, feldspar and REE 
microcrystals [5]. These processes are: 
 
(1) REEs are leached by groundwater by breakdown of primary minerals from (alkaline) granite bedrock, 
(2) Thick zones of clay-rich soils develop above the granites; and  
(3) Mobilized REEs become weakly fixed (by ion-adsorption) onto clays (mainly kaolinite) in the soils. 
 
Most economically important heavy REE-enriched ion-adsorption clay deposits are situated in southern China 
(Ganzhou and Jiangxi provinces). Mining of these ion-adsorption clay REE deposits accounts for 14% of the 
Chinese REE production [6] and two decades of ion-adsorption clay mining led to development of the Chinese 
world monopole in heavy REE production. However, REE-rich ion-adsorption clay deposits are also known from 
Araxa Brazil (Serra Verde), Jamaica, Surinam, Kangangunde Malawi, and Madagascar, among others. 
REE-rich ion-adsorption clays typically consist of kaolinitic clays (Xunwu and Longnan province) adsorbing the 
RE3+ ions (typically 0.05 - 0.35% REO out of which up to 2% consist of dysprosium), and REE microcrystals of 
mainly bastnaesite, synchisite and allanite. About 100t of dysprosium are being produced annually. The relatively 
high dysprosium content is important as, based on current forecasts, dysprosium supply cannot meet short- and/or 
long-term demand (until 2050); not even when including dysprosium from recycling products. Beyond 2015, 
dysprosium supply shortages are expected to be imminent in all scenarios and will grow to reach 5,227 - 14,967 t/a 
by 2020, depending on near-term developments that will define the market’s supply-side trajectory. 
Other dysprosium sources, such as xenotime ores from REE projects like Dubbo Zirconia and Kvanefjeld are 
relatively rare and associated with high NORM content – whereas ion-adsorption clay deposits are known for their 
very low uranium and thorium content and overall low recovery costs (low capex and opex). Another diagnostic 
feature of ion-adsorption clays (and laterite ore in general) is their relatively low cerium content, suggesting 
deposition from REE-bearing groundwater with depleted cerium that results from cerium insolubility in the oxidized 
(Ce4+) state. Tab. 2 shows a comparison of REE contents in typical monazite and xenotime REE minerals relative to 
REE contents in ion-adsorption clays. 
 
Table 2. REE contents of economic ion-adsorption clay deposits relative to other economically relevant REE source minerals 
(in % total REO) [7, 8]. 
 
Rare Earth Oxide 
Monazite, 
Guangdong 
Xenotime, 
Guangdong 
Ion-Adsorption Clays Ion-Adsorption Clays 
Tantalus Madagascar Xunwu, Jiangxi Longnan, Jiangxi 
Light REE 
La2O3 23.0 1.2 42.0 1.8 43.7 
CeO2 42.7 3.0 2.3 0.4 6.4 
Pr6O11 4.1 0.6 8.8 0.7 6.9 
Nd2O3 17.0 3.5 30.8 3.0 24.8 
Medium REE 
Sm2O3 3.0 2.2 3.8 2.8 0.9 
Eu2O3 0.1 0.2 0.5 0.1 0.2 
Gd2O3 2.0 5.0 2.9 6.9 2.8 
Heavy REE 
Tb4O7 0.7 1.2 traces 1.3 0.4 
Dy2O3 0.8 9.1 traces 6.7 1.4 
Y2O3 2.4 59.3 8.0 65.0 7.7 
Total 95.8 85.3 99.1 88.7 95.2 
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Despite their low concentrations in REEs, the clay deposits of southern China are economic because these 
deposits are often enriched in the higher-value heavy REEs, labour costs and environmental standards are low, and 
the REEs can be easily extracted from the clays with ammonium sulphate and/or sodium chloride [5]. Processing of 
ion adsorption clays is hydrometallurgically straight forward relative to other types of REE deposits. They do not 
require pre-processing of complex mineral assemblages that characterize other hard rock deposits. Simple leaching 
produces a solution containing REE from which a concentrate can be precipitated by using flotation for finer-
grained deposits (15-100 µm; [9]), implying that these types of deposits can be exploited economically despite their 
relatively low grades [4]. 
A large part of the REE production from ion-adsorption clays is produced by in-situ leaching and 
surface/mountain-top mining by tank/heap leaching with ammonium sulfate and Na-chloride. In-situ leaching 
minimises the mining foot-print, but is limited by the confining geological conditions and in the extent to which 
target material can be extracted, and it is generally slow. If feasible, however, it is the preferred sustainable metal 
recovery technology in the context of a potential mine of the future. 
3.1. Biomining Options 
A relatively new and innovative technology for REE extraction is bioleaching. Leaching chemistry for REE 
generally revolves around weak acid dissolution of matrix minerals and/or complexation of the REE into solution 
(especially in ion-adsorption clays, so-called IACs). The hydrometallurgical principle of leaching REE from IACs is 
to provide stronger binding sites to the RE ions than the clay surface does. In contrast to the bioleaching concept of 
copper, there is no need to grow bacteria directly in the ore to oxidize and solubilize minerals, so-called direct 
bioleaching. Indirect bioleaching targeted in this project relies on metabolites of microbial cultures to release REE 
from the clay matrix. The advantage of indirect bioleaching is that optimal growing conditions for microbial cultures 
can be established in tanks making bioleaching more controllable and less susceptible to disturbance by the physico-
chemical environment. The first step to devise a tailored leaching process is to test various biogenic substances, 
known to complex metal ions, for their ability to bind REE from suspended IAC. Microbial metabolites such as 
enzymes, carbonic acids, siderophores and phospholipids, will be screened in batch tests for specificity, loading 
capacity and dependence on physical-chemical parameters of REE binding. Identified candidate substances will be 
further evaluated for their leaching applicability in suspension and fixed-bed reactors in terms of detailed studies on 
leaching kinetics and mobility of the resulting complexes (chelates) in the subsurface mineral matrix. Specifically 
marked chelators applied to fixed-bed systems allow thereby to deduce the flow behavior in actual in-situ leaching.  
The next implementation step will be, to establish microbial cultures that effectively produce the selected 
leaching agents. Bacterial, fungal or yeast cultures producing the identified substances are already established for 
many cases. However, effective biotechnological production requires adjustment of culturing conditions to trigger 
the desired metabolism. Thus in series of batch cultures from candidate organisms, best working nutrition as well as 
physical and chemical culture conditions will be determined. In parallel strategies for optimal extraction and 
purification of target, substances from cell suspension will be developed. The aim is to establish a microbial culture 
for maximal production of chelator-substance at minimal requirements and susceptibility to external disturbance.  
Finally, specific implementation techniques for the bio-production process will be developed. Cultures will be 
grown in suspension and fixed-bed reactors under previously defined culture conditions (e.g. nutrition, temperature, 
pH, O2 supply) to optimize reactor parameters as residence time, solid contend and bed-design. The most effective 
processes will be up-scaled to pilot scale.  
Current inorganic ligand-based REE leaching chemistry are based on NaCl or (NH4)2SO4 leach cycles; best 
recovery results are reported from double leaching cycles. In bioleaching chemistry, the latter can be achieved with 
various organic molecules that can be generated through bacteria in or ex-situ. Common complexing reagents used 
in the context of REE processing are citric and lactic acid.  
Further biomining technologies under development include biosorption and bioaccumulation. Biosorption is 
based on the electrostatical interactions, ion exchange and precipitation processes between functional surface groups 
and the target metal ions. Species and biopolymers of plant or microbial origin are selected to cover a wide range of 
functional surface groups (e.g. hydroxyl-, sulfate- or phosphate-groups) for potential REE adsorption. 
254   Michael Haschke et al. /  Procedia Engineering  138 ( 2016 )  248 – 257 
Challenges with ion-adsorption clay mining by in-situ leaching also include permeability enhancement of the 
lateritic soil profile. REE concentrations from known boreholes, pits and trenches at the REE project in Madagascar 
tend to be highest at shallow depths of 3-7 m so that one goal is to enhance the permeability of the lateritic clay and 
saprolite sequence (partially weathered granitic rock). A pilot project for this purpose in Madagascar is currently 
being conducted for a combined bio-hydrometallurgical in-situ bioleaching project with optimized in-situ recovery 
technology for REE extraction from ion-adsorption clays. The project goals of this R&D initiative include: 
 
(1) the geotechnical improvement of permeability of ion-adsorption clays via cryotechnology, 
(2) the development of bio-hydrometallurgical REE extraction methods and biomining technologies for 
selective and sustainable REE extraction, and 
(3) complete hydrometallurgical process simulation and reactive transport modeling of extraction and 
separation of adsorptive-bonded REE as base for development and optimization of processes by using 
thermodynamic and experimental data. 
 
One innovative aspect of this R&D project is that the currently used ammonium sulfate leaching method may be 
replaced by selective in-situ bio-hydrometallurgical methods to enable a more sustainable metal recovery from ion-
adsorption clays. The geotechnical optimization of permeability of laterite soil profiles by cryotechnology is one 
possibility to enhance local permeability for enabling in-situ recovery. 
4. REE Recovery by In-Situ Leaching From Secondary Phosphate Streams 
Bastnaesite, monazite and xenotime are generally considered the economically most important REE-bearing 
minerals, but there are other REE-bearing mineral phases including apatite. Fluorapatite (francolite) as source of 
REE and main mineral phase of large-scale sedimentary and magmatic phosphate deposits is of particular interest as 
the large-scale phosphoric acid and fertilizer production mobilizes the overall low REE concentrations in apatite in 
the phosphate processing streams so that even low-grade REE content may accumulate to a significant REE resource 
because of the large phosphate processing volume.  
Relatively few details are available on REE recovery from phosphate deposits and secondary phosphate streams, 
and detailed analysis of phosphate ore from sedimentary deposits appears to be limited to a few deposits, and the 
representativeness of these analyses is not well established. REE analyses from several known sedimentary 
phosphate deposits in Egypt, Canada, and Israel show variable REE contents (Tab. 3).  
 
Table 3. Detailed REE composition of selected REE from sedimentary phosphate deposits [10]. 
 
Phosphate deposit La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Total 
Abu Tartur, Egypt [11] 171 342 N.D. 180 43 9 43 52 44 N.D. 9 N.D. 18 0 284 1193 
Fernie formation, 
Canada [12] 
171 120 34 146 26 9 35 9 35 9 26 0 26 0 386 1030 
Whistler member, 
Sulfur mountain 
formation, Canada [13] 
162 94 34 129 26 9 35 9 26 9 17 0 9 0 315 873 
Mishash phosphorites 
Negev Desert, Israel, 
Pristine phosphorites 
[14] 
9 9 0 9 0 0 0 0 0 0 0 0 0 0 24 49 
Mishash phosphorites 
Negev Desert,Israel,  
Recycled granular 
phosphorites [14] 
43 26 9 26 9 0 9 0 9 0 9 0 9 0 110 256 
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TREO and Y contents >1,000 ppm (0.1%) are reported from the Abu Tartur deposit in Egypt as well as from 
Canada (British Columbia), and also the examples from Israel show the existence of REE-enriched layers of 
mechanically reworked granular phosphates as compared to pristine laminae facies. Christmann (2014) [10] also 
published a REE sample TREO content of a Moroccan sedimentary phosphate deposit of 900 ppm, and a TREO 
content of the Bou Craa deposit of 415 ppm. 
Large-scale processing of phosphate deposits mobilizes these REE, either as dissolved apatite solution in the 
phosphoric acid, or as undissolved micro-crystals in the phosphogypsum waste material. One key issue is to 
understand the partitioning of the individual elements between phosphogypsum and phosphoric acid in the fertilizer 
production process, as well as to identify and customize available technologies to recover and separate individual 
REE from these streams. This would add extra value for phosphate producers, and reduce the criticality of REE in 
the global economy. 
The 1st step is to analyze the flowsheet for potential ‘REE sinks’ in the phosphate processing chain. Three 
potential REE sinks exist in the common phosphate processing chain (Fig. 2):  
 
 
Fig. 2. Flowsheet for potential REE sinks in the phosphate processing chain. 
(1) A first REE sink occurs during ore beneficiation as result of production of sand, clay and phosphoric tailings 
which tends to accumulate ~40-50% [15, 16] of the total REE content as microcrystals of apatite and other REE 
phosphates (e.g. monazite, xenotime), and in the eluate pond on top of the tailings (prior to settling and 
evaporation). Options for extracting REE from phosphate tailings materials include (a) upgrading by separation of 
the clay fines (e.g. by hydrocyclon), (b) tailings leaching using H2SO4, HCl, and HNO3 + subsequent solvent 
extraction (SX), or (c) leaching of adsorbed REE with salt solution 0.5-1M NaCl + subsequent ion-exchange (IX). 
(2) A second possible REE sink occurs during wet phosphate processing during separation of phosphoric acid 
and phosphogypsum. This process tends to accumulate ~40% of the total REE content in the phosphogypsum [15, 
16]. REE recovery from phosphogypsum may be accommodated by acid leaching using H2SO4, HCl, HNO3 or 
alternatively, by using organic acids such as oxalic and/or citric acid + subsequent solvent extraction (SX). 
(3) A third possible REE sink is the phosphoric acid itself which tends to accumulate ~10-20% of the total REE 
content dissolved within the phosphoric acid [15, 16]. Options for extracting REE from phosphoric acid include (a) 
preventing REE co-precipitation, or (b) chromatographic separation of individual REE. 
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5. Alternative: Biomining of Phosphate streams – Links to Ongoing Projects  
Copper and gold bioleaching has already become an attractive, sustainable low-cost alternative to conventional 
pyro- or hydrometallurgical methods. The phosphate processing and recovery chain is generally accommodated by 
acidic leaching (e.g. oxalic and/or citric acid) so that it is likely that low-cost bioleaching can provide additional 
solutions for REE recovery from secondary phosphate streams. One prime example is to use iron oxidizing bacteria 
(acidithiobacillus ferrooxidans to leach REE from low grade gibbsite ore which reached ~55% leaching efficiency 
[17]. Higher recoveries of ~75% where achieved using heterotrophic aspergillus ficuum and pseudomonas 
aeruginosa [18]. Leaching by such heterotrophic organisms is based on organic acids generated by bacteria and/or 
organic substances such as phospholipids or chelators. These compounds form stable complexes with target metals 
to keep them in solution.  
It seems generally beneficial to the processing chain to prevent precipitation of REE together with the 
phosphogypsum and instead to increase the amount of REE recoverable from the phosphoric acid. Fig. 3 illustrates 
some potential approaches and REE extraction points; the feasibility of these concepts have yet to be confirmed in 
R&D projects.  
 
 
Fig. 3. Scheme with targets for potential R&D projects with focus on REE recovery from secondary and primary phosphate streams. 
However, bringing REE into phosphoric acid solution is only one half of the story. Once dissolved, the REE need 
to be concentrated and separated from solution. One alternative simple and relatively quick and cost-reducing option 
for REE extraction and separation are cyanobacteria of the genus phormidium which have been tested to selectively 
adsorb REE ions from leaching solution [19]. Phomidium is readily available from local reefs, yielding extraction 
efficiencies of ~40-70% depending on the specific REE sought. The remaining waste, mainly algae biomaterial, is 
minimal and readily detoxified. Previous studies indicated remarkable, specific REE adsorption capacities of various 
bio-materials, from living bacteria and algae, over wood and plant residues, up to functionalized biopolymers [e.g. 
20, 21, 22, 23], and industrial processes have not been devised so far.  
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